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Abstract

Although common beans (Phaseolus vulgaris L.) are consumed worldwide, studies on the metabolic fate of phenolic compounds from common
beans are still very scarce. The present work aimed to study the bioavailability of phenolic compounds in human plasma and urine, after acute
consumption of a single meal of cooked common beans. Blood and urine of seven volunteers were collected before (0 h) and at different time
points (1, 2, 4, 6 and 8 h for plasma and 0-2, 2—4, 4-6, 6-8 and 8-24 h for urine) after beans’ intake. Ultra-high performance liquid chromatog-
raphy-quadrupole-time of flight-MS (UPLC-Q-TOF-MS) was used for quantification. After beans’ intake, 405 (sp 3) g, containing 188 mg of
phenolic compounds (expressed as gallic acid equivalents), there was a significant increase (P < 0-05) in the plasma concentration of six
metabolites and in the urinary excretion of eleven metabolites. After 1 h post-consumption, metabolites, such as kaempferol-3-O-glucuronide,
showed a significant increase in plasma concentration, suggesting kaempferol’s glucuronidation in the upper gastrointestinal tract. More than
50 % of the total amount of metabolites, such as 4-methylcatechol-O-sulphate and dihydrocafteic acid-3-O-sulphate, were excreted after 8 h post-
consumption, indicating colonic bacterial metabolism of the phenolic compounds. Partial least square-discriminant analysis models clearly
showed clusters of metabolites, which contributed to extend the list of compounds related to cooked common beans’ human intake at different
time points and showed the human inter-individual variability in plasma concentration as well as in urinary excreted metabolites, after cooked
common beans’ intake.
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Approximately 4 billion people in the world depend primarily
on a plant-based diet to obtain essential nutrients'”. Since the
1990s, a growing body of evidence has emerged regarding the
health benefits of plant phenolic compounds consumed on a
regular basis”. Legumes, such as common beans (Phaseolus
vulgaris L.), have a long shelf life and are a cheap, rich source
of macro- (e.g. protein), micronutrients (e.g. folate, Fe, Zn,
B vitamin complex) and phytochemical compounds (e.g. phe-
nolic compounds)®. The phenolic composition of common
beans depends greatly on the genotype, as well as on the envi-
ronmental conditions and processing techniques applied before

consumption®.

Several epidemiological studies®, such as the Japanese
Collaborative Cohort study® and the First National Health
and Nutrition Examination Survey Epidemiologic Follow-up
Study'”, have reported an inverse association between legume
intake and CVD, particularly when consumed more than four
times per week. Extracts obtained from white kidney beans
have also been proposed as promoters of body weight reduc-
tion, and a health claim has been submitted to the European
Food Safety Authority panel for consideration. The lack of i vivo
and human intervention studies, supporting an explanation for
the inhibition of a-amylase activity, led to the rejection of the
claimed effect in 2014®.

Abbreviations: DW, dry weight; FW, fresh weight; GAE, gallic acid equivalents; PCA, principal component analysis; PLS-DA, partial least square-discriminant
analysis; TPC, total phenolic content; UPLC-Q-TOF-MS, ultra-high performance liquid chromatography-quadrupole-time of flight-MS.
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Studies on the bioavailability provide useful information to
understand which metabolites from phenolic compounds can
be responsible for the bioactivity in the human body.

Briefly, after ingestion, phenolic compounds are highly modi-
fied, by phase I and II metabolising enzymes, to increase water
solubility” and only a minor amount of the native compounds
appear on systemic circulation. Phase I reactions include oxida-
tion, reduction, hydroxylation, decarboxylation, hydrolysis or a
combination of such reactions, catabolised by cytochrome P450
superfamily, as well as by intestinal esterases"”. Phase II reac-
tions include conjugation reactions with sulphate, glucuronide,
methyl groups and amino acids through the action of enzymes
such as sulfotransferase, uridine diphosphate-glucosyltransfer-
ase, p-glucuronidase, catechol-O-methyltransferase, cholyl-
CoA synthetase and N-acetyltransferase'”. The unmodified
compounds that reach colon, mostly those attached to fibre,
are metabolised by the gut microbiota, remaining on blood-
stream during a longer period of time, 48 h'112),

Human bioavailability studies, related with phenolic com-
pounds in food, have been performed so far with food items
such as olive oil3%  coffee>19  tea@>10  chocolate™”,
@D orange®? | almonds®®, whole-
soyabeans®® among others, but for

wine® berries1%?? apple
grains 129, potato®,
common beans, which represent one of the most important food
items, on a daily basis diet, especially in developing countries,
there is a scarcity of studies about phenolic compounds and their
metabolites in human intervention studies. To date, only one
study has investigated the bioavailability of phenolic com-
pounds derived from common beans in humans, focusing exclu-
sively in the metabolic fate of the flavonol, kaempferol®”.

The human intervention study described herein aimed to
report the metabolism of phenolic compounds after cooked
common beans’ consumption, in plasma and urine samples,
using a targeted metabolomics approach with authentic stan-
dards. An assessment of the inter-individual variability in bio-
availability is also presented.

Material and methods
Chemicals

Folin-Ciocalteu’s phenol reagent and sodium carbonate (99 %)
were purchased from Sigma-Aldrich. Methanol (99-9 %) was pur-
chased from Carlo Erba Reagents. Acetonitrile for LC-MS Ultra
Chromasolv was purchased from Honeywell Riedel-de
Haén™. Milli-Q® water (18-:2MQ.cm) was obtained in a
Millipore — Direct Q3 UV System equipment. 1-(4+) Ascorbic acid
pro analysis was purchased from Merck. Pyrogallol-1-O-sul-
phate, pyrogallol-2-O-sulphate, 1-methylpyrogallol-O-sulphate,
2-methylpyrogallol-O-sulphate,  4-methylcatechol-O-sulphate,
4-methylgallic-3-O-sulphate, catechol-O-sulphate and vanillic
acid-4-O-sulphate were kindly provided, and their synthesis
has been described elsewhere®?. Caffeic acid-4-O-f-n-
glucuronide, dihydrocaffeic acid-3-O-sulphate, dihydrocafteic
acid-3-O-f-p-glucuronide, caffeic acid-3-O-f-p-glucuronide,
dihydroferulic acid-4-O-sulphate, dihydroferulic acid-4-O-f-
p-glucuronide, ferulic acid-4-O-sulphate, ferulic acid-4-O-
glucuronide, isoferulic acid-3-O-f-p-glucuronide, dihydroisoferulic

acid-3-O-sulphate and dihydroisoferulic acid-3-O-f-p-glucuronide
were obtained from Toronto Research Chemicals. Kaempferol-3-
O-glucuronide and quercetin-3-O-glucuronide were obtained from
Extrasynthese. 3-Hydroxyhippuric acid and 4-hydroxyhippuric
acid were purchased from Enamine. Gallic acid, protocatechuic
acid, p-hydroxybenzoic acid, sinapic acid, catechin, epicatechin,
hippuric acid, o-hydroxybenzoic acid, m-hydroxybenzoic acid,
caffeic acid, p-coumaric acid, o-coumaric acid, m-coumaric acid,
t-ferulic acid, kaempferol, quercetin and p-hydroxybenzaldehyde
were obtained from Sigma-Aldrich Co. Formic acid (98 %), ortho-
phosphoric acid (>85 %) and acetic acid (100 %) were obtained
from Carl Roth, and OASIS HLB Elution plates (2 mg sorbent per
well, 30 pm patticle size) were from Waters.

Plant material

Three Portuguese common bean traditional varieties, Patalar,
Tarrestre and Moleiro, were compared in terms of phenolic con-
tent. These varieties were collected directly from local farmers in
the centre-northern region of Portugal: Tarrestre from Arcos de
Valdevez, Viana do Castelo; Moleiro from Celorico de Basto,
Braga, and Patalar from Sintra, Lisboa, and kept in cold storage
at the Germplasm bank located in the Research Unit of
Biotechnology and Genetic Resources, INIAV, Oeiras, Portugal
(PRT 005). The three varieties were multiplied before analysis
at ESAC, using traditional farming techniques. Morphologically,
Patalar and Tarrestre dry seeds have a kidney shape with white
and brown coat colours, respectively. Moleiro dry seeds are char-
acterised by a cuboid shape and coats with a light brown colour
without pattern.

Based on the total phenolic content (TPC) determined in the
extracts of raw common beans from these three different vari-
eties, it was possible to select the one with the highest phenolic
content.

Preparation of raw and cooked common beans extracts

In order to prepare extracts of raw beans, part of the raw seeds
was grounded in a Falling n° 3100 miller (Perten) to a particle size
of 0-8 mm. The other part of the raw seeds was cooked in a pres-
sure cooker, only with water and salt, for 50 min (1 g of dried
beans:4 ml of water:12 mg of salt). Extracts of raw and cooked
beans were prepared according to Lin et al.*®, with slight mod-
ifications. Briefly, 1 g of dry whole seed flour and 2-5 g of cooked
beans were extracted with 20 ml of methanol-water (60:40, v/v)
solution, followed by sonication for 60 min. The mixture was
centrifuged at 420 g for 15 min. The final volume was adjusted
to 20 ml, using volumetric flasks. Final extracts were filtered
through a 0-22 pm 13 mm CA syringe filter (GE Whatman™).
The extracts prepared in triplicate were kept on glass flasks at
—20°C, until analysis.

Total phenolic content of raw and cooked common beans
extracts

For TPC measurement, the method described by Stamatakis
et al® was applied, with some modifications. Briefly, the
diluted sample extract (3-5 ml) was mixed to Folin—Ciocalteu’s
reagent (0-100 ml) and, after 3 min, 0-400 ml of sodium carbonate
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Fig. 1. Study design scheme. After a diet free of phenolic compounds for 48 h, plasma (P) and urine (U) were collected at different time points, after a single meal of
cooked common beans (404-7 (sp 2-7) g). ll, Controlled diet, free of phenolic compounds; [, meal; [], plasma (P)/urine (U) collection.

solution (35 %, w/v) was added to the mixture. Absorbance was
measured at 725nm, after 1h, against
Spectrophotometer DU-70 (Beckman®). Gallic acid was used
as the external standard. A blank of water was also prepared in
the same conditions. All the measurements were performed in
a Spectrophotometer DU-70 (Beckman®), and the final results
were expressed as mg gallic acid equivalents (GAE) per g of seed’s
dry weight (DW), considering the moisture content of the raw
seeds. Moisture content (%) was determined by a Near-IR analyser
(MPA; Bruker) with flour calibrations for grain legumes(?’m.

water, in a

Human study design

A human intervention study was designed in order to evaluate
the metabolism of phenolic compounds derived from common
beans in plasma and urine, after cooked common beans’ intake.

Seven healthy volunteers (six female and one male), with age
between 24 and 40 years old and BMI of 19-9-34-4 kg/m2 were
recruited.

The sample size was established based on previous bioavail-
ability studies®'? and justified by the nature of the study
(accomplishment of a restrictive diet, free of phenolic com-
pounds during 48 h, blood and urine collection).

The exclusion criteria for volunteers included the presence of
diagnosed disease, use of medication and/or dietary supple-
ments. The procedures were conducted according to the
Declaration of Helsinki and the study protocol approved by
the Ethics Committee for Clinical Experimentation of the
Pharmacy Faculty, University of Lisbon, identification number
03/CEECFFUL/2016. All the volunteers were informed about
the aim of the study, and a written informed consent was signed
before the study. Volunteers followed a low phenolic diet, 48 h
before the intervention day and during the 24 h post-bean con-
sumption, online Supplementary Tables S1A and S1B. A list of
allowed and not allowed food items, online Supplementary
Table S1C, was supplied to promote volunteers compliance with
dietary restrictions?, particularly on food items such as coffee,
chocolate, fruits, vegetables, wine, beer, juice, olive oil, nuts, tea
and whole-grain products, in order to reduce the presence of
phenolic compounds in blood and urine and to ensure the prov-
enance of the phenolic compounds from cooked common
beans. After an overnight fasting period, venous blood and urine
were collected, at baseline level, before ingestion of cooked
common beans, and volunteers were asked to report their food
intake in the previous period of 48 h in order to check their com-
pliance with the recommended diet. Venous blood was collected
in EDTA containing vacutainers, 1, 2, 4, 6 and 8h after

consumption of a single meal of cooked common beans
(4047 (sp 2-7) g corresponding to 166-1 (sp 1-1) g of raw beans),
and urine was collected in different time points (0-2, 24, 4-0,
6-8 and 8-24 h). The amount of cooked beans represented a full
plate of beans, and volunteers were allowed to add salt according
to their taste. A summary of the study design is shown in Fig. 1.

In order to quantify the amount of excreted phenolic com-
pounds and corresponding metabolites in urine, the total volume
of excreted urine was measured, for each volunteer, at different
time points. For one of the seven volunteers, there was no urine
collection, in time points 0-2 and 6-8 h.

1-(+) Ascorbic acid was added to the urine samples (1 g/2 litres
of urine)®¥. The venous blood was centrifuged, immediately after
collection, at 657 g for 20 min at 4°C. The supernatant (plasma)
was collected, and both plasma and urine samples were stored
at —20°C and analysed according to Feliciano et al.'?.

UPLC-Q-TOF-MS analysis

The common beans’ extracts of the selected variety with the
highest phenolic content, as well as the human plasma and urine,
were analysed by ultra-high performance liquid chromatogra-
phy-quadrupole-time of flight-MS (UPLC-Q-TOF-MS), using an
Agilent 6550 iFunnel Accurate-Mass Q-TOF MS (Agilent), in
order to identify and quantify phenolic compounds and their
metabolites, through an electrospray interface with Jet Stream
technology, after separation on a 1290 Infinity UPLC system
(Agilent) in the same conditions as the ones described by
Feliciano et al.'?,

A Zorbax Eclipse Plus RRHD column 2-1 X 50 mm, 1-8 mm
with a compatible Eclipse Plus guard column 2-1X5mm,
1-8 mm (Agilent) was used for sample analysis. The elution pro-
gramme included 0-1% HCOOH (eluent A) and acetonitrile
with 0-1 % HCOOH (eluent B), during 10 min, at a flow rate of
0-4 ml/min. Eluent B increased from 1 to 10 % during the first
5 min, to 25 % at 8 min and to 99 % at 9-1 min. This percentage
of eluent B stayed constant at 99 % during the remaining
0-9 min of analysis. The gradient returned to 1% for 2 min to
equilibrate the column. Samples were analysed in the negative
mode as described by Feliciano et al.'. For data processing,
the MassHunter Workstation Quantitative Analysis software,
version B.06.00 (Agilent), was used.

Identification and quantification of metabolites in common
beans’ extracts. Identification of compounds was performed by
comparison with the retention time and m/z of the authentic
standards analysed on the same conditions (gallic acid, protoca-
techuic acid, p-hydroxybenzoic acid, catechin, epicatechin,
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Table 1. Comparison of the moisture content and the total phenolic content
(TPC) determined in traditional Portuguese common bean varieties
(Averages and standard deviations)

TPC (mg GAE/g
raw beans dry

weight)
Traditional variety Moisture content (%) Average sb
Patalar 139 0-692 0-04
Tarrestre 14.6 2.55° 0-16
Moleiro 135 3-36° 0-11

GAE, gallic acid equivalents.
ab.c Average values in a column with unlike superscript letters are significantly different
(P < 0-05).

p-coumaric acid, #ferulic acid, sinapic acid, quercetin and
kaempferol). Variation of the retention time was calculated as
the difference between the average value determined in the stan-
dard compound and the average value determined in the sam-
ple. The mass measurement error was calculated, to determine
the accuracy of the detected my/z, following the equation:

Error = Predicted 'f’/.ZiObsewed m/Z 1000000 and the results exp-
Predicted m/z

ressed as ppm (parts per million) (online Supplementary
Table S2). A retention time variation of 0-2 min and/or a mass
error measurement lower than 5 ppm were adopted as quality
criteria to identify the metabolites®?.

In order to quantify the phenolic compounds in the extract of
the Portuguese common bean variety, calibration curves of the
authentic standards were prepared. With exception of the flavo-
noids, quercetin and kaempferol, prepared in aqueous methanol
(50 %, v/v), all the standards were prepared in Milli-Q® water.
Final results were expressed as pg/g of raw beans in DW.
Procyanidins B1 and B2 were quantified using the catechin stan-
dard and expressing the final results as pg of catechin equiva-
lents per g of raw beans in DW. The lowest concentration of
the selected range (8-9916nwm), in the different calibration
curves, was higher than the limit of quantification defined as a
S:N ratio of 10.

Identification and quantification of metabolites in plasma
and urine. Plasma and urine were prepared for analysis as
described by Feliciano et al'” with slight modifications.
Briefly, plasma and urine (1000 pl) were thawed in an ice bath
and centrifuged at 15000 g for 15 min at 4°C. The supernatant
(353 pb of plasma or urine was diluted with 4 % phosphoric acid
(353 pb. Each sample was loaded (600 pl) on a 96-well microe-
lution solid phase extraction plate, washed with water (200 pl)
and 0-2 % acetic acid (200 pD. After eluting with methanol (60
ub), the ninety-six-well collection plate was immediately covered
with a polyolefin tape to avoid evaporation and put in the UPLC
autosampler, using the UPLC-Q-TOF-MS equipment for the
analysis, as described in the UPLC-Q-TOF-MS analysis section.

A total of forty compounds (pyrogallol-1-O-sulphate, pyrogal-
lol-2-O-sulphate, 2-methylpyrogallol-O-sulphate, 1-methylpyro-
gallol-O-sulphate, gallic acid, protocatechuic acid, 4-methylgallic
acid-3-O-sulphate, vanillic acid-4-O-sulphate, p-hydroxybenzoic
acid, m-hydroxybenzoic acid, o-hydroxybenzoic acid, catechol-
O-sulphate, 4-methylcatechol-O-sulphate,  4-hydroxyhippuric

acid, 3-hydroxyhippuric acid, hippuric acid, caffeic acid-4-O-f-p-
glucuronide, ferulic acid-4-O-glucuronide, dihydrocaffeic acid-3-
O-sulphate, dihydrocaffeic acid-3-O-f-p-glucuronide, caffeic
acid-3-O-f-p-glucuronide, caffeic acid, dihydroferulic acid-4-O-f-
p-glucuronide, dihydroferulic acid-4-O-sulphate, ferulic acid-4-O-
sulphate, isoferulic acid-3-O-f-p-glucuronide, dihydroisoferulic
acid-3-O-sulphate, dihydroisoferulic acid-3-O-f-p-glucuronide,
p-coumaric acid, ferulic acid, sinapic acid, m-coumaric acid,
o-coumaric acid, p-hydroxybenzaldehyde, catechin, epicatechin,
quercetin-3-O-glucuronide, kaempferol-3-O-glucuronide, querce-
tin, kaempferol) were investigated. For quantification purposes, in
plasma and urine, authentic standards prepared in Milli-Q® water
were used for the calibration curves. The considered concentration
range was above the validated method quantification limit in
plasma and urine determined by Feliciano et al.®>. The phenolic
compounds or their corresponding metabolites with a concentra-
tion below the validated method quantification limit, described by
Feliciano et al.%%, in at least one volunteer, were not considered
for data analysis.

Data analysis

In plasma samples, the AUC, of phenolic compounds and their
metabolites, was calculated using the PK Solver tool of Microsoft
Excel (Microsoft). To determine the amount, in pg, of excreted
metabolites, the volume of urine excreted, at each time point,
was measured. The urinary recovery (%) was determined as
described by Feliciano et al.®®. Briefly, it was calculated as
the ratio between the total amount of excreted metabolites
and the TPC consumed in the intervention study. The human
inter-individual variability, described as the CV in percentage,
was determined using the AUC of each metabolite studied in
the plasma and also for the total excreted amount of each
metabolite, in urine®”.

Multivariate analysis was applied to describe inter-individual
variability and select the most relevant metabolites associated
with sample grouping. Using IBM® SPSS® Statistics, version
22, software, the normality of variables distribution was assessed
by the Shapiro—Wilk test (72 < 50) at a significance level of 1 %. To
achieve normality, in some variables, different transformation
approaches, such as logarithmic, inverse, squared root or two-
step transformation®®, were tested and for principal component
analysis (PCA), only the metabolites with communalities higher
than 0-5 were considered. PCA in articulation to cluster analysis
was used for exploratory analysis of the inter-individual variabil-
ity. After retaining the PCA scores of the PCA components with
higher contribution (>50 % of the total variance), different cluster
solutions (K= 2, K= 3 and K=4), obtained by K-means cluster
analysis, were applied as Y responses in partial least square
regression-discriminant analysis (PLS-DA). PLS-DA amplified
group separation allowing the prediction of the clusters’ mem-
bership. The Unscrambler® X 10.4.1, Camo Analytics Software,
was used to select the best model of PLS-DA after full cross-
validation. The statistical parameters, correlation coefficient of
multiple determination for Y=RX(Y), correlation coefficient of
multiple determination for X-RA(X), root-mean-square error
of calibration and validation — RMSEC and RMSECV, respec-
tively, and cross-validated correlation coefficient — Q?, were
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Table 2. Phenolic composition of raw and corresponding cooked common beans by ultra-high performance liquid chromatography-quadrupole-time of flight-

MS (UPLC-Q-TOF-MS): comparison with the published data

Experimental data

Raw Literature data Cooked Literature data
Average SD Average SD Average SD Average sD
Total phenolic content (mg GAE/g 3-362 0-11 1.88-3-44140) 0-16-0-57 1.30° 0-03 1.31-2.23¢40) 0-16-0-17
of raw seed DW)
Class
Benzoic acids (ng/g of raw seed DW)
Gallic acid 0192 001 831741 74 0-07° 0-01 381641 2:6
Protocatechuic acid 5.152 0-19 16.08“1) 37 3.32° 0-20 8.94(41) 0-8
p-Hydroxybenzoic acid 0-602 0-00 16.59¢41) 09 0-12° 0-02 4.66(4" 05
Cinnamic acids (pg/g of raw seed DW)
Caffeic acid 0-262 0-02 0-21° 0-02
p-Coumaric acid 0-682 0-05 5.4(42) 0-31° 0-01 3.3¢42)
t+-Ferulic acid 4.807 063 24.0¢42) 1.13° 014 18.242)
Sinapic acid 3.382 0-17 264041 181 0-96° 0-07 60-70¢41 1.7
Flavan-3-ols (ng/g of raw seed DW)
Catechin 30-672 0-47 16.72° 1.58
Epicatechin 2.212 0-12 9.92° 0-81
Flavan-3-ols (ug catechin equivalents/g of raw seed DW)
Procyanidin B1 36-052 1.76 5.58° 110
Procyanidin B2 3.022 0-04 4.98° 0-66
Flavonols (pg/g of raw seed DW)
Quercetin 1.342 0-05 10-9¢2) 0-26° 0-03 6-542)
Kaempferol 13.542 0-55 52.342) 2.30° 0-27 27.2142)

GAE, gallic acid equivalents; DW, dry weight.

ab Average values in a row with unlike superscript letters are significantly different (P < 0-05).

assessed to control the quality of the model. The last parameter,
Q?, was extrapolated from the equations proposed elsewhere®”,
using the following equation:

2 RMSECV? x M
C=1- RMSEC?x (M—K—1)
- RE(Y)—1

where RMSECYV is the root-mean-square error of cross-validation;
RMSEC is the root-mean-square error of calibration; M is the
number of samples; K is the number of descriptors; RX(Y) is the
correlation coefficient for Y.

The PLS-DA model was built with all the samples, and the
most relevant metabolites were selected based on the correlation
loadings and weighted regression coefficients.

To compare the different clusters, the differences between
plasma concentrations, as well as between the excreted amounts
of metabolites, were defined by one-way ANOVA and the signifi-
cantly different clusters identified by post hoc Schefté or Games—
Howell tests (depending on the acceptance or rejection of homo-
scedasticity between clusters), at a significance level of 5%,
using IBM® SPSS® Statistics, version 22, software.

Results

Selection and characterisation of the Portuguese common
bean traditional variety used in the human intervention
study

Based on the TPC analysis (Table 1), the three Portuguese tradi-
tional varieties (Patalar, Tarrestre and Moleiro) were compared.
Moleiro stood out as the variety with the highest TPC value,

3-36 (sp 0-11) mg GAE/g DW, P<0-05; therefore, it was the
one selected to be used in the human intervention study.

Both extracts obtained from raw and cooked Moleiro beans
were analysed by UPLC-Q-TOF-MS, and using commercial stan-
dards, it was possible to identify and accurately quantify thirteen
compounds (Table 2 and online Supplementary Table S2)
belonging to different classes: benzoic acids (gallic acid, proto-
catechuic acid and p-hydroxybenzoic acid), cinnamic acids
(caffeic acid, p-coumaric acid, t-ferulic acid and sinapic acid)
and flavonoids such as proanthocyanidins (procyanidins B1
and B2), flavan-3-ols (catechin and epicatechin) and flavonols
(quercetin and kaempferol).

The most abundant phenolic compounds, in raw seeds,
were catechin, procyanidin B1 and kaempferol representing,
respectively, 30, 35 and 13 % of the total quantified individual
phenolic compounds. After the cooking process, the weight of
common bean seeds increased to more than the double, due to
the hydration process. In order to compare the phenolic com-
position of raw and cooked samples, results were expressed
per g of raw seeds’ DW. As shown in Table 2, after the cooking
process, the TPC decreased about 61 %. Results from quantifi-
cation of individual phenolic compounds showed that com-
pounds as gallic acid, protocatechuic acid, p-hydroxybenzoic
acid, procyanidin B1, catechin, p-coumaric acid, caffeic acid,
ferulic acid, sinapic acid, quercetin and kaempferol decreased
significantly. In opposition, for epicatechin and procyanidin
B2, there was a significant increase in the average contents.
For the cooked beans, the most abundant phenolic compounds
were catechin and epicatechin corresponding, respectively,
to 36 and 22% of the total quantified individual phenolic
compounds.
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Identification and quantification of metabolites in plasma
and urine by UPLC-Q-TOF-MS

Compounds in plasma and in urine were identified, unequivo-
cally in all volunteers, by comparison with the retention time
and m/z values of the available standards. From the twenty-
four metabolites identified in plasma (online Supplementary
Table S3), seventeen were quantified (Table 3 and online
Supplementary Table S4), corresponding to five sulphate conju-
gates, four glucuronide conjugates and three N-containing con-
jugates. Four compounds were detected as aglycones and one as
an aldehyde.

Based on the total AUC, Table 3, determined for the different
quantified compounds in plasma, after 8h of a single meal of
cooked common beans, the most abundant class of phenolic
compounds’ metabolites were hippuric acids (71 %) followed
by catechols (11 %), benzoic acids (7 %), cinnamic acids (5 %),
flavonols (3 %), benzaldehydes (1 %) and pyrogallols (1 %).

In plasma (Table 3), vanillic acid-4-O-sulphate, 4-hydroxy-
hippuric acid, ferulic acid-4-O-glucuronide, ferulic acid-4-O-
sulphate and kaempferol-3-O-glucuronide showed a significant
increase 1h after common beans’ consumption and corre-
sponded to 10 % of the quantified metabolites. For the other
compounds, included in pyrogallols, benzoic acids, benzalde-
hydes, catechols and hippuric acids classes, the average plasma
concentrations were not significantly different at the different
collection time points.

From the twenty-eight metabolites identified in urine (online
Supplementary Table S5), twenty-four were quantified (Table 4
and online Supplementary Table S6) in the urine of all volun-
teers. Nine of them were sulphate conjugates, six were glucur-
onide conjugates, six were detected in the aglycone form and
three in the N-containing form.

As shown in Table 4, the most abundant class of phenolic
compounds’ metabolites in urine was hippuric acids (60 %) fol-
lowed by cinnamic acids (25 %) and catechols (11 %).

Human inter-individual variability

There was inter-individual variability in plasma concentration
and urinary excretion of phenolic compounds derived from
common beans and their metabolites (Figs. 2 and 3). In plasma,
Table 3, a variation of 24 % was obtained for the total AUC.
Considering only the metabolites with a significant plasma
increase, the variation of AUC ranged from 13 % in vanillic
acid-4-O-sulphate to 46 % in kaempferol-3-O-glucuronide. In
urine, Table 4, it was possible to determine a variation of 30 %
in the volunteers’ excretion, ranging from 19 %, in sinapic acid,
to 73 %, in kaempferol-3-O-glucuronide excretion.

Although not specifically related to common beans’ intake
(without a significant increase in the urinary excretion during
the study period), the compounds o-hydroxybenzoic acid,
m-hydroxybenzoic acid and dihydroisoferulic acid-3-O-f-p-
glucuronide showed the highest inter-individual variability with
variations of 106, 101 and 100 %, in urine, respectively.

PCA was applied to explore the inter-individual variability
among the seven volunteers (P1-P7) (Fig. 4). The plasma sam-
ples named P1_1, P6_0 and P7_0 were excluded from the analy-
sis since those samples were out of the rank in the two-step

transformation approach. In plasma samples, the three first prin-
cipal components (PC) explained 71-7 % of the total variance
with the first two accounting to more than 50 % of the variability
(57-5%). As suggested by the metabolites (MP) arrangement in
the bi-dimensional space defined by the first two principal com-
ponents (Fig. 4(a)), the PCA analysis indicated a clear separation
between the plasma samples collected in early collection times
(1 and 2 h after common beans intake), and the ones collected
lately at 4, 6 and 8 h after common beans’ intake (Fig. 4(b)). The
selected metabolites, in the PLS-DA analysis, explained 62 % of
the clusters’ variability in the regression model and reinforced
the PCA observations (Fig. 5). As shown in the correlation load-
ings plot, Fig. 5(a), for the first two factors, the variables posi-
tioned in the 50-100 % explained circle (defined as the space
delimited by the outer and inner circumferences), vanillic
acid-4-O-sulphate (MP2), located near the cluster 3, and ferulic
acid-4-O-sulphate, (MP12), located near the cluster 1, were the
main metabolites responsible for samples’ classification into
two different groups, clusters 1 and 3. The metabolites ferulic
acid-4-O-glucuronide (MP10), 4-hydroxyhippuric acid (MP5)
and kaempferol-3-O-glucuronide (MP11) near cluster 3 were
also responsible for samples’ separation, but with lower discrimi-
nation capacity. In the different volunteers, such metabolites
were predominant at 1 and 2h, after common beans’ intake
(Fig. 5(b)). The remaining metabolites, hippuric acid (MP7),
caffeic acid (MP8) and dihydroferulic acid-4-O-#-p-glucuronide
(MP3) contributed mostly to the cluster 2, Table 5. m-Coumaric
acid (MP9) explained the proximity of samples grouped in
clusters 1 and 2. Although not responsible for clusters’ separation,
3-hydroxyhippuric acid (MP6) allowed samples’ dispersion along
factor 2, contributing to the variance within clusters.

Regarding the urinary excretion of metabolites, the three first
principal components retained 72-9 % of the variability and sug-
gested samples’ separation into two distinct groups (Fig. 6). The
PLS-DA model with some selected metabolites explained
66% of the samples variability into three different clusters
(Fig. 7). As shown in the correlation plot of the urinary excreted
metabolites, Fig. 7(a), dihydrocaffeic acid-3-O-sulphate (MU16),
3-hydroxyhippuric acid (MU12), 4-methylcatechol-O-sulphate
(MU10) and m-hydroxybenzoic acid (MU7) were responsible
for samples’ separation into clusters 1 and 2. Cluster 2, high-
lighted as the one with the highest content on such metabolites,
Table 6, included the urine samples collected lately, at time point
8-24 h, after common beans’ intake (Fig. 7(b)). By opposition,
cluster 1 was the one with the lowest content on such metabo-
lites (Table 6). In the 50-100 % explained circle, Fig. 7(a), the
sinapic acid (MU23) and kaempferol-3-O-
glucuronide (MU24) were mostly responsible for sample group-
ing in cluster 3, which included mainly the urine samples of dif-
ferent volunteers collected at time points 2-4 and 4-6 h after
common beans’ intake (Fig. 7(b)). The metabolites vanillic
acid-4-O-sulphate (MU5) and o-hydroxybenzoic acid (MU8)
were also related to cluster 3 but with lower discrimination abil-
ity. Despite the high concentration of those metabolites in cluster 3,
the average value obtained for such cluster was not signifi-
cantly different from cluster 2 (P> 0-05, Table 6). For caffeic
acid-3-O-f-p-glucuronide (MU17), located in an intermediate
position between cluster 2 and cluster 3, the urinary excretion

metabolites
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Table 3. Concentration (nm) of phenolic compounds and their metabolites in plasma, before (0 h) and after (1, 2, 4, 6 and 8 h) beans’ consumption, considering n 7
(Average values with their standard errors; CV %)

Plasma concentration (nm)

Oh 1h 2h 4h 6h 8h AUCt (nmx h)
Class Compounds Average sem CV% Average sem CV% Average sem CV% Average sem CV% Average sem CV% Average sem CV% Average sem  CV%
Pyrogallols 1-Methylpyrogallol-O-sulphate 2412 13 14 2362 0-4 5 2322 0-5 6 23.02 0-2 2 2342 0-4 5 2342 0-4 4 186-6 2.8 4
Benzoic acids  Vanillic acid-4-O-sulphate 2212 05 6 37.9° 47 33 29.0b° 19 18 24.02b 1.6 18 23.12b 0-8 9 2112 0-3 3 207-8 104 13
o-Hydroxybenzoic acid 13012 350 71 205-12 541 70 197.82 570 76 16422 435 70 145.42 472 86 115.52 321 74 13016 3666 75
Total 152.22 350 61 242.92 584 64 226-82 587 68 188.32 45 63 168-52 472 74 136-62 322 62 1509-4 3763 66
Benzaldehydes p-Hydroxybenzaldehyde 2092 23 29 3222 25 20 3372 31 24 35.12 6-2 47 34.12 51 40 4042 4.3 28 2721 261 25
Catechols Catechol-O-sulphate 4892 113 61 50620 77 4 38.92 45 31 4312 5.3 32 776*® 107 36 95.0° 16-0 45 4699 491 28
4-Methylcatechol-O-sulphate 21762 759 92 20312 444 58 160-72 350 58 193.92 761 104 334.72 2031 161 27872 1063 101 18888 6887 96
Total 2664* 808 80 253.72 431 45 199-62 36:3 48 23702 768 86 412.3@ 2100 135 3736% 1093 77 23586 6950 78
Hippuric acids  4-Hydroxyhippuric acid 59.82 95 42 129.2° 120 25 98.420 96 26 7242 79 29 69.22 102 390 64.82 9-6 39 654-8 701 28
3-Hydroxyhippuric acid 12352 303 65 119-32 222 49 103-52 197 50 121.72 216 47 160-82 322 53 154.22 27-8 48 10555 1838 46
Hippuric acid 1797.9* 2551 38 150722 1895 33 1254.6° 1758 37 181822 2579 38 185922 2604 37 1741.6° 2571 39 133843 17761 35
Total 198112 2813 38 175572 2021 30 14564 1872 34 2012.32 2723 36 20893 2841 36 196072 2733 37 150946 18967 33
Cinnamic acids Ferulic acid-4-O-glucuronide 16-42 07 12 59.0° 53 24 47.5° 37 21 29.2° 26 24 24.9° 16 18 22.62P 13 15 2691 199 20
Caffeic acid 1.92 0-0 4 1.92 00 4 1.92 0-0 1 1.92 0-0 3 2.02 0-0 4 1.92 00 5 154 0-1 2
Dihydroferulic acid-4-O-f-b- 44.72 49 29 4322 39 24 41.02 26 17 45.52 32 19 48.12 44 24 4342 21 13 3576 250 19
glucuronide
Ferulic acid-4-O-sulphate 11.92 06 14 92.6° 198 57 411¢ 59 38 20.5° 25 32 19-9° 16 21 17-3° 17 25 2582 330 34
Dihydroisoferulic acid-3-p-p- 4.02 02 12 3.92 0-1 10 3.82 02 12 4.12 0-2 15 4.02 03 19 4.02 02 16 318 12 10
glucuronide
m-Coumaric acid 22.22 07 8 18.82 07 9 19-82 0-6 8 2022 1.3 18 21.72 11 13 22.52 14 17 165-9 64 10
Total 10112 6-1 16 219.4° 188 23 155.00¢ 73 13 121.430 59 13 120520 68 15 111.82 4.2 10 1098-0 504 12
Flavonols Kaempferol-3-O-glucuronide 3.92 0-0 3 198.7¢ 377 50 156.0%¢ 310 53 67-3%¢ 104 41 43.6°¢ 78 47 22.2b 4.0 48 6786 1190 46
Quercetin 2:62 0-0 2 278 0-0 3 2:62 0-0 3 262 0-0 3 278 0-0 4 278 00 4 212 0-2 3
Total 652 0-1 2 201-4° 377 50 158.6%¢ 310 52 69.9%¢ 104 39 46.30¢ 77 44 24.9° 4.0 43 6998 1190 45
Sum of phenolic compounds’ metabolites in 2552:32 2639 27 27288 1692 16 22534® 1332 16 2686:8% 2730 27 2894.5° 3646 33 2671.4® 3048 30 212191 19029 24

plasma

abcde Average values in a row with unlike superscript letters are significantly different (P < 0-05).
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Table 4. Urinary excretion (amount in pg) of phenolic compounds metabolites determined at different time points*
(Average values with their standard errors; CV %)

Excreted amount (ng)

oh 0-2h 2-4h 4-6h 6-8h 8-24h Total excreted pg (24 h)
Class Compounds Average sem CV% Average sem CV% Average sem CV% Average sem CV% Average sem CV% Average sem CV% Average SEM CV %
Pyrogallols Pyrogallol-1-O-sulphate 0-32bc 0-1 51 0-8bcd 0-1 35 1.00d 02 64 03> 01 48 0-22 00 61 1.1d 02 50 34 04 33
Pyrogallol-2-O-sulphate 3.020 10 91 112 03 74 1.920 04 49 1.52 07 121 1.52 05 87 9.2b 21 59 17-8 32 48
1-Methylpyrogallol-O- 6.920 13 52 3.3 09 71 4.92b 12 62 4.02 1.3 84 3.6° 1.0 69 16.5° 49 78 383 81 56
sulphate
Total 10-220 22 58 5.12 11 53 7-82P 16 52 6.6 18 74 5.32 14 66 26.8° 68 67 59.5 104 46
Benzoic acids  Protocatechuic acid 21.30¢ 37 47  17:3*b°¢ 45 64 9.32b 08 22 5.62 15 69 5.72 1.0 45 41.5° 98 63 975 153 41
Vanillic acid-4-O-sulphate 9.62 24 66  18.92P 47 60 51.2° 150 77 1842 42 60 9.6° 13 32 22.42b 39 46 126.0 204 43
p-Hydroxybenzoic acid 5.1ab 22 115 3.320 09 63 3720 06 43 2.62 05 51 2.32 06 62 8.5° 11 35 246 45 49
m-Hydroxybenzoic acid 2.3ab 12 142 0-62° 0-1 41 0-92° 01 45 052 01 38 052 01 51 6.7° 25 133 96 37 101
o-Hydroxybenzoic acid 0-32 02 130 112 05 118 3.32 1.5 122 072 04 139 0-32 01 83 1.32 06 122 68 2.7 106
Total 38.620¢ 68 47  41.28bc 89 53 683> 171 66 27.82P 54 52 18-42 22 29 787° 12.9 43 264-5 263 26
Catechols Catechol-O-sulphate 23.22 62 71 8.22 26 77 17.22 38 58 14.72 38 68 1412 26 46 93.5° 16-1 46 167-8 244 39
4-Methylcatechol-O-sulphate ~ 126-72 300 63 718 202 69 85.82 128 39 99-62 173 46 131.82 4241 78  586-4> 1502 68 10730 2161 53
Total 149.92 302 53 8002 226 69  103.0% 147 38 1143 196 45 14592 432 72 6799® 1560 61 12408 2200 47
Hippuric acids  4-Hydroxyhippuric acid 14202 42.8 80 122.82 375 75 2070 365 47 142.32 37-3 69 120-22 328 67 37920 53-1 37 10787 1854 45
3-Hydroxyhippuric acid 7792 280 95 3082 69 55 40.92 93 60 45.82 84 48 54.62 79 35 2365° 40-1 45 4744 626 35
Hippuric acid 59742 1027 45 32762 652 49 107972 3040 75 73992 1899 68 4843 1758 89 1904.3° 4184 58 50171 8360 44
Total 81722 1394 45 481.22 1030 52 132772 337.3 67  9280*° 2092 60 65912 2069 77 25200° 4639 49 65702 9600 39
Cinnamic acids ~ Caffeic acid-4-O-p-p- 1.92 06 81 1.22 03 62 1.62P 03 51 1726 03 48 1.62 02 37 5.3° 11 55 12.9 1.7 36
glucuronide
Ferulic acid-4-O-glucuronide 13-5%0 2.3 44  235%F 38 40 21.02P 38 48 11.020 21 49 742 141 37 34.5° 79 61 1065 142 35
Dihydrocaffeic acid-3-O- 47.92b 111 61 28.52 95 81 23.22 62 71 41.92 230 145 68520 342 122  264.8° 749 75 460-8 1469 84
sulphate
Caffeic acid-3-O-4-0- 0-82 02 71 1.52P 03 43 2.5b 02 23 2.7° 04 38 2.1° 04 45 3.5° 07 54 12:6 10 21
glucuronide
Dihydroferulic acid-4-O--b- 85.02 336 105 3722 196 129 2622 85 86 38.22 124 86 29.12 84 71 6342 154 63 269-6 716 70
glucuronide
Caffeic acid 0-12 00 41 0-12 00 46 0.2ab 00 58 o2& 00 71 0-22 01 125 0-5° 00 22 1.3 02 45
Dihydroferulic acid-4-O- 32.42 111 91 13.32 66 121 18.22 64 93 25.82 91 93 1252 40 78 27.02 80 78 1254 245 52
sulphate
Ferulic acid-4-O-sulphate 225.2ab 654 77 313.32P 707 55 36312 824 60  164-0®® 29.9 48 79-32 150 46  4777° 1579 87 15665 2739 46
Dihydroisoferulic acid-3-O-4- 24.0 111 123 1142 63 137 8.72 36 111 12.72 47 98 4.0 24 145 6.3 21 86 64-9 246 100
p-glucuronide
Sinapic acid 5.02 10 52  294° 67 56 36-8° 25 18 18.55¢ 25 35 9.52b 24 62 20-8¢ 49 63 114.6 80 19
Total 435.92%  127.6 77 45942 107.3 57 50142 923 49 31672 751 63 21412 564 65 903-8° 1576 46 27351 4222 41
Flavonols Kaempferol-3-O-glucuronide 0.92 01 44 11.6°cd 34 73 6324 226 95 18.0%4 4.0 59 3.420 13 95 4.7 14 79 99.6 274 73
Sum of phenolic compounds’ metabolites 1452.82°  251.9 46 924.5° 2446 70 207132 4248 54 14106* 2646 50 89672 2848 84 4213.7° 6473 41 109696 12578 30
excreted in urine
Urinary recovery (%) 0-8 05 11 08 05 22 58

abed Average values in a row with unlike superscript letters are significantly different (P < 0-05).
* The average, standard error of the mean and the CV (%) were determined for each compound, considering n 7, except at time points 0-2 h and 6-8 h, when it was considered n 6.
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Fig. 2. Plasma pharmacokinetic and/or urinary excretion profiles of metabolites related to cooked common beans’ intake. Data are means (n 7), with standard errors

represented by vertical bars. —, Plasma (P); -+, urine (U).

was prolonged on time, from 2—4 to 8-24 h after common beans’
intake, allowing clusters 2 and 3 approximation.

Discussion

As far as we know, this work is the most complete study that has
been performed to evaluate the bioavailability of phenolic com-
pounds from cooked common beans, using UPLC-Q-TOF-MS.
Based on the phenolic content of the three Portuguese stud-
ied varieties, the Portuguese common bean variety Moleiro was
chosen as the variety with the highest TPC (Table 1). Despite of
the morphological differences in the seed colour, the TPC of

Moleiro raw beans, 3-36 (sp 0-11) mg GAE/g of raw seed DW
(2-91 (sp 0-09) mg GAE/g of raw seed fresh weight (FW)), char-
acterised by light brown seeds, was within the range of values
described by Heimler er al“® for light green, white and yellow
varieties (1-17-4-40 mg GAE/g of raw seed FW) and by Silva
et al9 for pinto varieties, characterised by cream coloured
seeds with speckles (Table 2).

The cooking process was responsible for changes in the
beans” accessible compounds. A reduction in the TPC (=61 %)
was detected after cooking, and it was comparable to the TPC
value described for the pinto cooked beans“?, representing
63-77% of the TPC determined in the raw seeds of pinto

beans“V,
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Fig. 3. Variability of total urinary excretion (averages and standard deviations,
in pg) of the phenolic compounds and their metabolites at different time points,
before (0h) and after common beans’ intake (0-2, 2-4, 4-6, 6-8 and
8-24h),n7.

Most of the studies on beans are still focused on the TPC and
only a few ones“424449 on the individual phenolic compounds.
In our work, the data obtained using UPLC-Q-TOF-MS showed
that Moleiro raw beans represented a source of catechin,
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30-67 (sp 0-47) pg/g of raw seed DW (26-54 (sp 0-41) pg/g of raw
seed FW), with higher content than the one described by
Owino et al“* for a pink variety (1350 (sp 0-50) pg/g of raw seed
FW), and lower than the value described by de Pascual-Teresa
et al“? for pinto beans (50-7 pug/g of raw seed FW). It also repre-
sented a source of procyanidin B1, 36-05 (sp 1-76) pg catechin
equivalents/g of raw seed DW (3120 (sp 1-52) pg catechin equiv-
alents/g of raw seed FW), with a lower content than the pinto
beans described by Aguilera et al“, 41-20 (sp 1-85) pg/g (with-
out specification of DW or FW). Furthermore, Moleiro beans were
a source of kaempferol, 13-54 (sp 0-55) pg/g of raw bean DW
(11-72 (sp 0-47) pg/g of raw bean FW), with a similar content to
the black beans described by Romani et al.*”, 18 (sp 0-23) pg/g
of raw bean FW, but with a considerably lower content than the
average value determined by Diaz-Batalla et al.“? for Mexican
cream-red, black, grey, cream, brown and black-brown varieties
(Table 2). Several factors such as the common bean variety, the
maturity of seeds at harvest, the climatic conditions, the agro-
nomic practices and the post-harvest storage conditions“®
tribute to explain the differences between the experimental data
obtained in the present study and the described data in the liter-
ature (Table 2). Following the same trend noticed in raw beans, in
cooked beans, the compounds, gallic acid, protocatechuic acid
and sinapic acid, showed lower amounts than the ones reported

con-
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Fig. 4. Principal component analysis (PCA) of the plasma samples collected
before (0 h) and after common beans’ intake. (a) Loading plot of plasma metab-
olites (PC1 v. PC2), MP1, two-step_1-methylpyrogallol-O-sulphate; MP2, two-
step_vanillic acid-4-O-sulphate; MP3, two-step_dihydroferulic acid-4-O-p-b-
glucuronide; MP4, p-hydroxybenzaldehyde; MP5, 4-hydroxyhippuric acid;
MP6, 3-hydroxyhippuric acid; MP7, hippuric acid; MP8, caffeic acid; MP9,
m-coumaric acid; MP10, log_ferulic acid-4-O-glucuronide; MP11, log_
kaempferol-3-O-glucuronide; MP12, Inverse_ferulic acid-4-O-sulphate. (b)
Score plot of the plasma samples distributed in a space defined by the first
two principal components (PC1 v. PC2). The label attributed to the plasma (P)
included a first number, which defined the anonymous identification of each vol-
unteer and after the underscore character the collection time period, meaning,
for example, in the label P1_0, the plasma sample of volunteer 1 collected in the
fasting period (0 h).

by Xu et al“P and for the compounds, p-hydroxybenzoic acid,
p-coumaric acid, #ferulic acid, quercetin and kaempferol, there
were also lower amounts than the average values described by
Diaz-Batalla et al.“? (Table 2). Despite the differences between
the obtained and the described results, possibly explained by
differences in the processing conditions, the loss of protocate-
chuic acid, reported in the present study (=36 %), was quite similar
to the loss described in Xu et al. 4V study (—44 %).

During the cooking process, the instability of the phenolics’
chemical structure can contribute to explain the decrease of their

content in cooked beans as already reported by Diaz-Batalla
et al.“? for quercetin, kaempferol, p-hydroxybenzoic acid and
t-ferulic acid. The high temperature during cooking may cause
evaporation of intracellular water, which triggers chemical reac-
tions such as depolymerisation of phenolic compounds attached
to polysaccharides and denaturation of proteins linked to phe-
nolic compounds on the cell walls of cotyledons®”. Those reac-
tions responsible for changes in the cell wall structure may
increase the accessibility of some phenolic compounds®?, such
as procyanidin B2. As reported for cocoa beans, there are con-
tent variations in monomeric and dimeric forms of flavanols at
high temperatures (100-140°C). Such variations can be attrib-
uted to epimerisation reactions that may induce losses and incre-
ments in flavanol contents®?. Unlike Kothe et al®?, who
reported for cocoa beans a significant increase of catechin
(4240 %) after the roasting process, in the present study, in
cooked common beans, there was a significant increase of epi-
catechin (4+350%) probably at the expense of procyanidins
degradation and catechin epimerisation.

In the present study, the volunteers had straight nutritional rec-
ommendations regarding a controlled diet, free of phenolic com-
pounds during 48h. After such period, in plasma, the
concentration of vanillic acid-4-O-sulphate, 4-hydroxyhippuric
acid, ferulic acid-4-O-glucuronide, ferulic acid-4-O-sulphate and
kaempferol-3-O-glucuronide increased significantly (£ < 0-05),
1h after common beans intake (Table 3, Fig. 2). This pattern
was common to all volunteers and allowed to separate the plasma
samples in different clusters (Fig. 5(b)). 4-Hydroxyhippuric acid
(derived from conjugation reactions of 4-hydroxybenzoic acid
and glycine®® and/or produced endogenously, from catechol-
amine’s metabolism®*>>) has been described in association with
different dietary sources (e.g. berries™, green and black tea®®).
Herein, 4-hydroxyhippuric acid was associated with common
beans’ intake, considering that a diet, free of phenolic com-
pounds, was performed previously, during 48 h. Additionally,
to the 4-hydroxyhippuric acid plasma concentration increase,
there was a concomitant increase of kaempferol-3-O-glucuronide
(the main quantified flavonol, in plasma, after Moleiro common
beans intake), Fig. 2, which is in accordance with Penczynski
et al®?.

The phase II conjugation reactions with sulphate and glucur-
onide groups occurred with vanillic acid, ferulic acid and kaemp-
ferol in the upper part of the gastrointestinal tract, by
sulfotransferases and uridine diphosphate-glucosyltransferase,
as suggested by the time at which the maximum plasma concen-
tration of vanillic acid-4-O-sulphate, ferulic acid-4-O-sulphate,
ferulic acid-4-O-glucuronide and kaempferol-3-O-glucuronide
was reached, 1 h post-consumption. Such results are in accor-
dance with Feliciano et al."” and Bresciani et al.®®. Since no
data regarding such metabolites were found in literature after
common beans intake, it was necessary to compare the obtained
data with results described for different food matrices by other
authors. The maximum plasma concentration of ferulic acid-4-
O-sulphate was slightly higher than the value described for
whole-grain bread"? but considerably lower than the one
described in berries purée?”
O-sulphate was also associated with common beans intake,
but, contrarily to the previous compounds, its plasma concentration

and in cranberries"?. Catechol-
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Table 5. Plasma concentration of different metabolites (nm) in the described clusters
(Averages and standard deviations)

Plasma concentration (nm)

Cluster 1 Cluster 2 Cluster 3

Metabolites Average SD Average SD Average sD

1-Methyl pyrogallol-O-sulphate (MP1) 23-30? 0-93 22.80? 0-65 23.48?2 1.18
Vanillic acid-4-O-sulphate (MP2) 21.692 0-93 22.772 1.92 31.10° 7-80
Dihydroferulic acid-4-O-p-p-glucuronide (MP3) 39.962 4.93 49.420 9-49 43.382b 8.52
p-Hydroxybenzaldehyde (MP4) 34.472 15-62 34.392 12.85 31.50? 7-93
4-Hydroxyhippuric acid (MP5) 54.242 14.97 74.23?2 2732 109-21° 33.88
3-Hydroxyhippuric acid (MP6) 113.252 44.45 169-512 80-66 114.752 52.47
Hippuric acid (MP7) 1524.962 538-95 2215.68° 370-81 1337-442 508-20
Caffeic acid (MP8) 1.902 0-06 1.98° 0-08 1.882 0-06
m-Coumaric acid (MP9) 21.85° 3-01 22.80° 1.67 18.622 2.20
Ferulic acid-4-O-glucuronide (MP10) 19.932 414 28.08° 6-39 48.88° 16-15
Kaempferol-3-O-glucuronide (MP11) 24.342 3147 48.03° 22.93 160-68° 97-63
Ferulic acid-4-O-sulphate (MP12) 15-162 4.54 19.34° 418 54.46° 36-02

abe Average values in a row with unlike superscript letters are significantly different (P<0-05).
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Fig. 5. Partial least square-discriminant analysis (PLS-DA) highlighting the plasma samples’ clustering. (a) Correlation loading plot of plasma metabolites, MP2, two
step_vanillic acid-4-O-sulphate; MP5, 4-hydroxyhippuric acid; MP6, 3-hydroxyhippuric acid; MP8, caffeic acid; MP9, m-coumaric acid; MP10, log_ferulic acid-4-O-
glucuronide; MP11, log_kaempferol-3-O-glucuronide; MP12, inverse_ferulic acid-4-O-sulphate. (b) Score plot of plasma samples distributed in the two first factors
(M, cluster 1; ®, cluster 2; A, cluster 3). (c) Quality parameters of the PLS-DA model defined for the plasma samples. The samples’ identification was the same of Fig. 4.
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Fig. 6. Principal component analysis (PCA) of the urine samples collected before (0 h) and after common beans’ consumption. (a) Loading plot of the urinary excreted
metabolites (PC1 v. PC2), MU1, log_pyrogallol-1-O-sulphate; MU2, log_pyrogallol-2-O-sulphate; MU3, log_1-methyl pyrogallol-O-sulphate; MU4, log_protocate-
chuic acid; MU5, log_vanillic acid-4-O-sulphate; MU6, log_p-hydroxybenzoic acid; MU7, Inverse_m-hydroxybenzoic acid; MU8, log_o-hydroxybenzoic acid;
MU9, log_catechol-O-sulphate; MU10, log_4-methylcatechol-O-sulphate; MU11, log_4-hydroxyhippuric acid; MU12, log_3-hydroxyhippuric acid; MU13, hippuric
acid; MU14, log_caffeic acid-4-O-#-p-glucuronide; MU15, log_ferulic acid-4-O-glucuronide; MU16, log_dihydrocaffeic acid 3-O-sulphate; MU17, log_caffeic acid-
3-O-p-p-glucuronide; MU18, log_dihydroferulic acid-4-O-p-p-glucuronide; MU19, log_caffeic acid; MU20, squared root_dihydroferulic acid-4-O-sulphate; MU21,
log_ferulic acid-4-O-sulphate; MU22, log_dihydroisoferulic acid-3-O-$-b-glucuronide; MU23, log_sinapic acid; MU24, log_kaempferol-3-O-glucuronide. (b) Score
plot of the urine samples in the space defined by the two first principal components (PC1 v. PC2). For the volunteer 1, the urine samples were not provided at
0-2 h and 6-8 h. The label attributed to the urine (U) samples included a first number, which defined the anonymous identification of each volunteer and after
the underscore character the collection time period, meaning, for example, in the label U1_8-24, the urine sample of volunteer 1 collected in the time period

8-24 h after common beans’ intake.
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Fig. 7. Partial least square-discriminant analysis (PLS_DA) highlighting the urine samples’ clustering. (a) Correlation loading plot of some selected urinary metabolites
excreted during the study period, MU5, log_vanillic-4-O-sulphate; MU7, inverse_m-hydroxybenzoic acid; MU9, log_catechol-O-sulphate; MU10, 4-methylcatechol-
O-sulphate; MU11, log_4-hydroxyhippuric acid; MU12, log_3-hydroxyhippuric acid; MU16, log_dihydrocaffeic acid-3-O-sulphate; MU17, log_caffeic acid-3-O-4-p-
glucuronide; MU19, log_caffeic acid; MU23, log_sinapic acid; MU24, log_kaempferol-3-O-glucuronide. (b) Score plot of urine samples distributed along the two first
factors (M, cluster 1; ®, cluster 2; A, cluster 3). For the volunteer 1, the urine samples were not provided at 0—2 h and 6-8 h. (c) Quality parameters of the PLS-

DA model defined for the urine samples. The samples’ identification was the same

increased significantly only 8 h after common beans’ intake. Such
late increase in catechol-O-sulphate plasma concentration
was also reported 7 h after cranberries intake™?. More similar
to cereals than to berries, in beans, the presence of free acces-
sible phenolic compounds available to be metabolised in
phase I and II reactions is limited, as a consequence of the
strong covalent interactions of phenolic compounds and cell
wall glycosides®?.

In urine, a total of twenty-four different metabolites was iden-
tified and quantified after common beans’ intake, which repre-
sented a higher number of compounds than those determined
in plasma (Table 4). Contrarily to plasma, in urine, it was possible

of Fig. 6.

to detect and quantify compounds such as pyrogallol-1-
O-sulphate, pyrogallol-2-O-sulphate, protocatechuic acid,
p-hydroxybenzoic acid, m-hydroxybenzoic acid, caffeic acid-
4-O-p-p-glucuronide, dihydrocaffeic acid-3-O-sulphate, caffeic
acid-3-O-f-p-glucuronide,  dihydroferulic — acid-4-O-sulphate
and sinapic acid. Nevertheless, in urine, the compounds,
p-hydroxybenzaldehyde, m-coumaric acid and quercetin, were
not quantified (Table 7). The absorption of metabolites derived
from gut microbiota catabolism?, such as dihydrocaffeic acid-
3-O-sulphate, dihydroferulic acid-4-O-sulphate, only detected
after 8 h, could contribute to explain the higher number of com-
pounds in urine.
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Table 6. Excreted amount of different metabolites (ug) in the described clusters

(Averages and standard deviations)

Excreted amount (ng)

Cluster 1 Cluster 2 Cluster 3

Metabolites Average SD Average SD Average SD

Pyrogallol-1-O-sulphate (MU1) 0-272 0-21 0-74° 0-49 0-75° 0-54
Pyrogallol-2-O-sulphate (MU2) 1.432 1.25 6-74° 5.02 1.322 0-96
1-Methyl pyrogallol-O-sulphate (MU3) 3192 2:31 12.82° 10-14 4.292 275
Protocatechuic acid (MU4) 10-242 7-04 32.40° 22.49 9152 698
Vanillic acid-4-O-sulphate (MU5) 7-382 335 19.92° 9.37 37-65° 30-82
p-Hydroxybenzoic acid (MU6) 2.242 1.21 7170 4.78 3562 1-64
m-Hydroxybenzoic acid (MU7) 0-60? 043 3-80° 544 0732 0-32
o-Hydroxybenzoic acid (MU8) 0132 0-14 0-94° 119 2.38° 2.96
Catechol-O-sulphate (MU9) 9-802 5.07 64-63° 45.04 14.772 8.79
4-Methylcatechol-O-sulphate (MU10) 103-622 86-44 383.03° 363-89 84-602 39-69
4-Hydroxyhippuric acid (MU11) 82.172 46-27 308.02°0 147.57 177.03° 89-34
3-Hydroxyhippuric acid (MU12) 44.362 25.22 168-54° 116-67 39.512 22.98
Hippuric acid (MU13) 332-102 291.53 1380-20° 993.91 918.55° 637-67
Caffeic acid-4-O--p-glucuronide (MU14) 1.302 0-51 4.07° 261 1.442 0-76
Ferulic acid-4-O-glucuronide (MU15) 8-882 3-29 27.30° 17.82 19.65° 9.64
Dihydrocaffeic acid-3-O-sulphate (MU16) 29.732 17-39 191.420 171.53 25.072 19-15
Caffeic acid-3-O-p-p-glucuronide (MU17) 1.362 0-98 2.82° 1.76 2.44P 0-64
Dihydroferulic acid-4-O-p-pb-glucuronide (MU18) 16-412 15.21 93.39° 60-24 32852 26-73
Caffeic acid (MU19) 0-08?2 0-04 0-40° 0-19 0-19° 010
Dihydroferulic acid-4-O-sulphate (MU20) 6-882 5-41 38.34° 2415 20.72° 15.59
Ferulic acid-4-O-sulphate (MU21) 106-102 65-88 393.81° 323-44 319.04° 196-18
Dihydroisoferulic acid-3-0O-p-p-glucuronide (MU22) 1.712 1.65 22.07° 22.32 10-35° 948
Sinapic acid (MU23) 12.762 11.24 16.572P 11-80 30-05° 13-65
Kaempferol-3-O-glucuronide (MU24) 2.782 2.36 5.942 677 41.70° 4671

abe Average values in a row with unlike superscript letters are significantly different (P<0-05).

With the exception of vanillic acid-4-O-sulphate, sinapic acid
and kaempferol-3-O-glucuronide (which maximum amounts
were excreted earlier than 8h, at the time point 2—4 h post-
consumption, cluster 3) (Table 4, Figs. 2 and 7(b)), for the major-
ity of the metabolites (catechol-O-sulphate, 4-methylcatechol-O-
sulphate, 4-hydroxyhippuric acid, 3-hydroxyhippuric acid, caf-
feic acid-4-O-f-p-glucuronide and caffeic acid), the excreted
amount only increased significantly 8 h after common beans
intake. For pyrogallol-1-O-sulphate and caffeic acid-3-O-f-b-
glucuronide, the urinary excretion peaks were registered at dif-
ferent collection time points, following a multiphasic urinary
excretion (Table 4). Despite the limited amount of bio accessible
phenolic compounds in common beans, the excreted amounts
of 4-methylcatechol-O-sulphate, 3-hydroxyhippuric acid, dihy-
drocaffeic acid-3-O-sulphate, vanillic acid-4-O-sulphate, sinapic
acid and kaempferol-3-O-glucuronide were considerably higher
after common beans’ intake, than after cranberries’ juice con-
sumption®®. Based on the metabolites quantified in urine, 8 h
after common beans intake, Fig. 3, a colonic metabolism, by
gut microbiota, is expectable and supported by the phenolic
compounds’ entrapment in common beans’ fibre.

For 4-hydroxyhippuric acid, the urinary excretion earlier than
4 h, and at time points higher than 4 h, might be an indication of
the metabolite’s enterohepatic recirculation or the additional
synthesis of the metabolite at the colon.

Contrarily to the study conducted by Bonetti et al.*”, which
described the urinary excretion of kaempferol, after f-glucuroni-
dase and sulfatase enzymatic hydrolysis, in a percentage of
5-4 (sp 54) % and 6-1(sp5-5) % of the kaempferol consumed
in common beans, in the present study, the kaempferol-3-O-
glucuronide was the flavonols’ metabolite detected and

quantified, Fig. 2, in both plasma and urine, representing 30 %
of the consumed kaempferol. In urine, the sinapic acid repre-
sented 83 % of the consumed sinapic acid. Part of this percentage
should derive not only from the native compound present in
cooked common beans but also from O-methylation reactions
of the cinnamic acids, caffeic acid, p-coumaric and ferulic
acids®? (Fig. 8).

Regarding the human inter-individual variability, the total
excreted amount of metabolites (11-0 (sp 1-3) mg of excreted
compounds) represented only 5-:8% of the total phenolic com-
pounds consumed in the common beans portion (1875 (sp 4-0)
mg of GAE in 143-8 (sp 1-0) g of raw seeds’ DW), which was in
accordance with the one described for cranberries juice, where
6:2% of the total phenolic compounds consumed is reported,
and in line with the low urinary recovery related to other food
products rich in (poly)phenols’”. The low urinary recovery of
phenolic compounds could be attributed to the low bioaccessibil-
ity of the phenolic compounds derived from cooked common
beans. These compounds are mostly entrapped in the dietary fibre
(17 % of total seed weight)®? which slows down their absorption
and excretion®®, contributing possibly to faecal metabolites, not
quantified in the present study.

In common beans, the inter-individual variability was
evident not only on the plasma concentration but also on the
urinary excretion of specific phenolic compounds’ metabolites
at different time points. The PLS-DA models, defined herein
by values of R*(Y)>0-6 and small differences (<0-3)%%
between R*(Y) and Qz, indicated a common metabotype in
the different volunteers after common beans’ intake. Metabolites
such as vanillic acid-4-O-sulphate, 4-hydroxyhippuric acid,
ferulic acid-4-O-glucuronide, ferulic acid-4-O-sulphate and
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Table 7. Summary of compounds quantified in raw and cooked Moleiro common bean extracts (CBE), plasma (P) and urine (U) *
Retention
M Predicted m/z  Observed m/z (min; Error (min; Range calibration Quantified in
Class Compounds Average sD Formula [M-H]- max) [M-H]- max) (ppm) curves (Nm) Slope Intercept R? CBE, Pand U
Pyrogallols Pyrogallol-1-O-sulphate 160 001 CgHgOgS 204-9812 204-9815; 204-9829 -1.5; -8-3 8-86 2808 412 09988 U
y Pyrogallol-2-O-sulphate 2441 001 CgHgO6S 204-9812 204-9818; 204-9829 -2.9; -8-3 8-636 6282 37648 09985 U
1-Methylpyrogallol-O- 4.06 002 C;HgO6S 218-9969 218-9972; 218-9984 -1.4; -6-8 21-5766 2247 -200710 09974 P;U
sulphate
Benzoic acids Gallic acid 165 001 C;HgOs 169-0142 169-0143; 169-0150 -0-6; —4-7 27-636 1403 —9750 0-9981 CBE
Protocatechuic acid 286 001 C;HgO4 153-0193 153-0193; 153-0203 -0.7; 65 8-2783 917 18155 0-9987 CBE; U
4-Methylgallic acid-3-O- 365 001 CgHgOsS 262-9867 262-9871; 262-9889 -1.5; -84 40-457 325 —1853 09986 U
sulphate
Vanillic acid-4-O-sulphate 385 001 CgHgO;S 246-9918 246-9922; 246-9938 -1.6; —-8-1 14-8723 761 —61383 09991 P;U
p-Hydroxybenzoic acid 390 001 C;HegO3 137-0244 137-0245; 137-0252 -07; -5-8 8-636 4104 17362 09987 CBE;U
m-Hydroxybenzoic acid 5.37 001 C;HgO3 137-0244 137-0245; 137-0258 —-0-7; -10-2 27-457 179 508 09995 U
o-Hydroxybenzoic acid 814 001 C;HeO3 137-0244 137-0245; 137-0252 -0-7; -5-8 8-636 2116 -1991 09995 P;U
Benzaldehyde p-Hydroxybenzaldehyde 522 001 C7HeO2 121-0295 121-0294; 121-0303 -0-8; —6-6 8-517 3032 26740 09991 P
Catechols Catechol-O-sulphate 296 001 CgHegOsS 1889863 188-9862; 188-9878 -0-5; -7-9 1-457 3133 -112189 09981 P;U
4-Methylcatechol-O-sulphate  6-:03 004 C;HgOsS 203-0020 203-0023; 203-0036 -1.5; 7.9 14-9916 2584 -270110 09985 P;U
Hippuric acids 4-Hydroxyhippuric acid 319 001 GCgHgNO, 194.0459 194.0460; 194-0475 -0.5; -8-2 14-9916 405 -37904 09981 P;U
Hippuric acids 3-Hydroxyhippuric acid 3-61 0-01  CgHgNO, 194.0459 194-0460; 194-0466 —-0-5; -3-6 27-636 321 -109 09990 P;U
Hippuric acid 4.73 001 CgHgNO3 178-0510 178-0511; 178-0522 -0-6; —6-7 8-7553 470 24270 09990 P;U
Cinnamic Caffeic acid-4-O-f-p- 399 000 Cy5H16010 355.0671 355-0673; 355-0695 -0-6; —6-8 8-696 624 —4960 09992 U <
acids glucuronide =
Ferulic acid-4-O-glucuronide 481 001 CygH18010 369-0827 369-0824; 369-0856 0-8; -7-9 21-4572 497 -29510 09976 P;U o
Dihydrocaffeic acid-3-O- 513 001 CgH4c07S 261-0074 261-0078; 261-0096 -1.5; -84 8-80 893 1363 09973 U s
sulphate o}
Caffeic acid-3-O-$-b- 523 000 Cys5H16040 355-0671 355.0673; 355-0701 -0-6; -8-4 8-934 575 -8218 09974 U Ny
glucuronide ’
Dihydroferulic acid-4-O-f-p- 565 001 CygH20010 371-0984 371-0986; 371-1009 -0-5; -6-7 8-9916 674 94703 09977 P;U
glucuronide
Caffeic acid 565 001 CgHgOy4 179-0350 179-0351; 179-0363 -0-6; -7-3 8-636 2111 -14176 09991 CBE;P;U
Dihydroferulic acid-4-O- 590 002 CyoH120,S  275.0231 275-0233; 275-0239 -0-7; —2-9 8-86 780 907 09991 U
sulphate
Ferulic acid-4-O-sulphate 626 001 CyoH100;S  273-0074 273-0077; 273-0096 -1-1; -8 8-8148 944 36305 09990 P;U
Dihydroisoferulic acid-3-O- 649 000 CyH20040 371-0984 371-0984; 371-0997 0-0; -3:5 8-576 818 -11125 09969 P;U
glucuronide
p-Coumaric acid 698 001 CgHgOs 163-0401 163-0402; 163-0413 -0-6; -7-4 14-636 910 1350 0-9996 CBE
t-Ferulic acid 750 001 CyoH1004 193.0506 193-0505; 193-0514 0-5; —4-1 27-3377 83 2382 09980 CBE
Sinapic acid 761 001 C41H1205 223-0612 223-0611; 223-0624 0-4; -5-4 93-6956 77 -587 09989 CBE; U
m-Coumaric acid 773 001 CgHgOs 163:0401 163-0400; 163:0406 0-6; —3-1 60-636 166 743 09983 P
Flavanols Catechin 538 001 Cy5H1406 289-0718 289-0720; 289-0739 -0.7;-7-3 21-3973t 5471 -34553t 0-9983t1 CBE
Epicatechin 664 000 Cy5H1406 289-0718 289-0719; 289-0741 —-0-3; -8:0 21-934 408 -10653 09971 CBE
Flavonols Kaempferol-3-O-glucuronide 838 001 CyyHg042 461-0725 461-0729; 461-0758 —0.9; -7-2 34-576 402 —-6923 09990 U
Kaempferol-3-O-glucuronide 838 0-01 Cy1H1g012 461.0725 461-0729; 461-0758 -0.9; -7-2 14 -576 399 -58732 09988 P
Quercetin 905 001 Cy5H4007 301.0354 301-0350; 301-0368 1.3; 4.7 21-517 2876 —28225 09973 CBE; P
Kaempferol 917 001 Cy5H100s 285-0405 285-0406; 285-0417 —0-4; —4-2 8-517 2848 —4354 09996 CBE

ppm, Parts per million.
* Average and standard deviation of the retention time determined for each standard at different concentration levels.
1 The calibration curve applied for procyanidin B1 and procyanidin B2 was the one obtained for (+) catechin standard. The results are expressed in catechin equivalents.
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with glycine (phase II).

kaempferol-3-O-glucuronide were predominant in plasma at
early times (1-2h) after common beans’ intake. In urine,
Kaempferol-3-O-glucuronide was also one of the metabolites
early excreted (2-4 h) and others, such as 4-methylcatechol-O-
sulphate, dihydrocaffeic acid-3-O-sulphate and 3-hydroxyhip-
puric acid, were only excreted after 8h of common beans’
intake. As reported previously®”, the variability in specific
metabolites, such as kaempferol-3-O-glucuronide, Table 4,
higher than the variability obtained for the sum of compounds
in urine could be an indication about the individual variation
on the enzymatic activity and the complex interaction between
the gut microbiota (with possible different bacteria composi-
tions) and phenolic compounds from common beans. Several
factors could contribute for such variability (e.g. enzyme activity,
microbiota composition, gastro-intestinal transit time, age, sex
and genetics)©3:09,

In conclusion, to our knowledge, the present work was the
first human intervention study developed, through targeted

metabolomics, to identify and quantify accurately phenolic com-
pounds and their metabolites, in plasma and/or urine, after
cooked common beans’ intake. It also explored the effect of
the cooking process on phenolic composition of common beans,
since it influences the bioaccessibility and consequently the bio-
availability of the compounds present in the original raw beans.
The metabolites associated with plasma concentration and/or
urinary excretion increments, after a diet free of phenolic com-
pounds during 48 h followed by a single meal of cooked beans,
were vanillic acid-4-O-sulphate, 4-hydroxyhippuric acid, ferulic
acid-4-O-sulphate, ferulic acid-4-O-glucuronide, kaempferol-3-
O-glucuronide, pyrogallol-1-O-sulphate, caffeic acid, catechol-
O-sulphate, 4-methylcatechol-O-sulphate, 3-hydroxyhippuric
acid, caffeic acid-4-O-f-p-glucuronide, caffeic acid-3-O-f-n-
glucuronide and sinapic acid. Even if not specific of common
beans’ intake (it can also derived from other dietary sources),
the plasma concentration and/or urinary excretion increase of
these compounds, during the study period, made possible to
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define clusters of metabolites and associate them with cooked
common beans’ intake. Most of the metabolites, such as the ones
produced from the hydroxycinnamic acids, for example, caffeic
acid-4-O-p-p-glucuronide, were excreted during the period of
8-24h, indicating their persistence in the systemic circulation
for a longer period of time.

To access the kinetic profile of the metabolites with a return to
the baseline level, future studies should be extended to at least
48 h including, if possible, a higher number of volunteers. In
order to understand the role of metabolites derived from phe-
nolic compounds of common beans in human health, future
in vitro and in vivo studies regarding the biological activity of
the different metabolites (namely those whose concentration
increased significantly in plasma and urine) should be per-
formed. Additionally, studies regarding individual differences
on microbiota composition and concerning the faecal metabo-
lites obtained after common beans’ consumption could also
contribute to understand the impact of common beans in human
health, especially in gut health.
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