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Abstract

Background Procyanidins are extensively metabolized
via phase-II and microbial enzymes. However, their dis-
tribution in the body is not well characterized.

Aim This study investigates the distribution of procyani-
dins (monomers and dimers) and their phase-II metabolites
in plasma and tissues (thymus, heart, liver, testicle, lung,
kidney, spleen and brain).

Methods Wistar rats were fed with 1 g of cocoa cream
(CC), 50 mg of procyanidin hazelnut skin extract (PE) and
50 mg PE in 1 g CC (PECC). The rats were killed at 0, 1,
1.5, 2, 3, 4 and 18 h after gavage, and the plasma and
tissues were analyzed by UPLC-MS/MS.

Results Epicatechin—glucuronide was the main metabo-
lite in the plasma after the CC intake, with Cp,,, at 423 nM
and .« at 2 h, and methyl catechin—glucuronide (301 nM,
2 h) was the main metabolite in the plasma after the PE
intake. As a result of the PECC enrichment, epicatechin—
glucuronide (452 nM, 1.5 h) and catechin—glucuronide
(297 nM, 2 h) were the main metabolites in the plasma.
Methyl catechin—glucuronide was found in the liver after
PE (8 nmol/g tissue, 4 h) and PECC (8 nmol/g, 1.5 h). The
kidney was found to contain a high concentration of phase-
IT metabolites of procyanidins and is therefore thought to
be the main site of metabolism of the compounds. Methyl
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catechin—sulfate (6.4 nmol/g, 4 h) was only quantified in
the brain and after PE intake. Catechin metabolites were
not found in the spleen or heart. Phenolic acids were
detected in all tissues.

Conclusions The formulation of a product enriched or
fortified with procyanidins is a way to increase their bio-
availability, with clear effects on the plasmatic pharma-
cokinetics, and a greater accumulation of phenolic
metabolites in such tissues as the liver, kidney, lung and
brain.

Keywords Food matrix effect - Procyanidins - Plasma -
Tissue distribution

Introduction

Food fortification is defined as the addition of one or more
micronutrients to a food, with the aim of increasing the
intake of these micronutrient(s) to correct or prevent a
demonstrated deficiency and/or exert a health benefit.
Different methods of food fortification have been descri-
bed. Mass fortification is defined as the fortification of a
widely consumed food. When the fortified food is designed
for a specific population subgroup, such as complementary
foods for young children or rations for displaced popula-
tions, the fortified food is called targeted fortification. The
latter type of fortification is known as market-driven for-
tification and is related to the design of a fortified food
based on one generally available on the market, which is
fortified voluntarily by the food manufacturers. In indus-
trialized countries, Market-driven food fortification has a
long history of successful control of deficiencies of vita-
mins A and D, several B vitamins (thiamine, riboflavin and
niacin), iodine and iron [1].
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Over the last two decades, there has been a great
increase in knowledge about the influence of diet on health
and welfare. This has led to the creation of new and
healthier foods, known as functional foods, designed to
reduce the risk of several chronic diseases by modifying
their composition slightly [2]. However, there is no uni-
versally accepted definition of these foods, and, according
to the American Dietetic Association (ADA), functional
foods include conventional foods, modified foods (i.e.
fortified, enriched or enhanced), medical foods and foods
for special dietary use [3]. Unmodified whole foods or
conventional foods such as fruit and vegetables could
represent the simplest forms of functional foods. An
example of their bioactivity is the role played by dark
chocolate in reducing cardiovascular disease by improving
the endothelial function [4]. Due to the beneficial effects
shown to be exerted by functional foods, including the
reduction of cholesterol levels, an increase in calcium
levels or the antioxidant capacity, prevention of osteopo-
rosis or lowering blood pressure [5-8], they are becoming
ever more common in our diet.

Related to functional foods, foods enhanced with bio-
active components, such as polyphenols, are attracting
growing interest. In this context, while nowadays there is a
general consensus about the beneficial effect of dietary
flavanols, and their oligomeric derivatives the procyani-
dins, on the human health, we still lack a comprehensive
understanding of their biological properties and a conclu-
sive evidence-based demonstration of a causal relationship
between polyphenol intake and a decrease in the likelihood
of disease [9].

Another important factor related to the polyphenol
supplementation is the relationship between the ingested
dose and the metabolism. Large doses are metabolized
primarily in the liver, while small doses are metabolized by
the intestinal mucosa, as suggested by Shoji et al. [10].
Furthermore, the endogenous action of polyphenols and
their metabolites seems to differ, due to a modification of
their molecular structure, as occurs with the antioxidant
activity, which decreases drastically when the hydroxyl
group of the phenolic molecule is modified [11]. As a result
of the phase-II metabolism, a wide range of molecules
undergo structural modifications, which may affect their
binding to proteins and tissue distribution [12]. These
modifications may also have potential effects on the bio-
logical impact of flavanols. In this context, special attention
should be paid to the appropriate doses and the effects of
long-term consumption in the development of the next
generation of health-promoting cocoa-derived foods with
enhanced flavanol contents.

The behavior of a procyanidin supplementation in a
cocoa-derived product is evaluated in this present study by
comparing the pharmacokinetics, metabolism and tissue
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distribution of flavanols and procyanidins (low polymeri-
zation grade) after an oral intake of a cocoa cream (CC)
and a procyanidin-enriched cocoa cream (PECC) prepared
by adding a procyanidin hazelnut skin extract (PE) to the
CC. The study also includes the pharmacokinetic study
after the ingestion of the PE separately as a means of
evaluating the effect of the food matrix.

Materials and methods
Chemical

Internal standard (IS) catechol and the standards of (—)-epi-
catechin, (4)-catechin, (—)-epigallocatechin, (—)-epigallo-
catechin-3-O-gallate, gallic acid, p-hydroxybenzoic acid,
protocatechuic acid, phenylacetic acid and 3-(4-hydroxy-
phenyl)propionic acid were purchased from Sigma Aldrich
(St. Louis, MO, USA), and procyanidin dimer B2 [epicate-
chin-(4f-8)-epicatechin], 2-hydroxyphenylacetic acid,
4-hydroxyphenylacetic acid and 3-(2,4-dihydroxyphenyl)
propionic acid from Fluka Co. (Buchs, Switzerland). The
acetonitrile (HPLC-grade), methanol (HPLC-grade), ace-
tone (HPLC-grade) and glacial acetic acid (99.8 %) were of
analytical grade (Scharlab, Barcelona, Spain). Ortho-phos-
phoric acid 85 % was purchased from MontPlet and Esteban
S. A. (Barcelona, Spain). Formic acid and L (4)-ascorbic
acid (reagent grade) were all provided by Scharlau Chemie
(Barcelona, Spain). Ultrapure water was obtained from a
Milli-Q water purification system (Millipore Corp., Bedford,
MA, USA).

Cocoa cream (CC) and procyanidin extract (PE)

The CC and the procyanidin hazelnut skin extract were
kindly supplied by La Morella Nuts S.A.U. (Reus, Spain).
The composition of the CC was as follows: 49 % lipids
(26.5 % polyunsaturated, 12 % unsaturated and 10.5 %
saturated), 38 % carbohydrates (28 % dietary fiber), 9 %
protein, 2 % ash and 2 % moisture. The PECC was pre-
pared by adding 50 mg of PE to 1 g of CC. The procy-
anidin composition of CC, PECC and PE was analyzed by
UPLC-MS/MS according to the method described by
Ortega et al. [13]. The phenolic composition of the CC, PE
and PECC is shown in Table 1.

Treatment of animals and tissue collection

The Animal Ethics Committee of the University of Lleida
approved the study (CEEA 03-02/09, 9th November 2009).
A total of 57 three-month-old male Wistar rats (Charles
River Laboratories, Barcelona, Spain) were used in this
study. The rats were housed in cages on a 12-h light—12-h
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Table 1 Content of procyanidins in the hazelnut skin extract (PE),
the cocoa cream (CC) and the enriched cocoa cream (PECC)

Compound Hazelnut Cocoa Procyanidin-
skin extract cream (CC)  enriched cocoa
(PE) (nmol/g cream (PECC)
(nmol/50 mg cream) (nmol/g cream)
extract)
Catechin 313 £ 28 113 £ 11 434 + 11
Epicatechin 117 £8 506 £ 47 651 + 17
Epigallocatechin 130 £ 12 Nd 128 £ 15
Epicatechin gallate Nd 76.0 =+ 7.9 29.0 £ 2.5
Epigallocatechin 480+ 031 58.0+0.5 323+29
gallate
Dimer 776 + 76 896 + 87 1,740 £ 16.5
Trimer 249 + 13 9.1+ 74 441 + 37
Tetramer 10.0 £ 1.2 352 + 3.1 85.1 £ 8.0
Total 1,599 £ 137 1,778 £ 162 3,540 + 322

The results are expressed as nmol/50 mg of extract (ingested dose
50 mg of extract) and as nmol/g of cream (ingested dose 1 g)

Values are mean £ SD (n = 5)
Nd not detectable

dark cycle at controlled temperature (22 °C). They were
given a commercial feed, PanLab A04 (Panlab, Barcelona,
Spain), and water ad libitum. The rats were later kept under
fasting conditions for 16 h with access to tap water. Sub-
sequently, they were divided into four groups. Group 1 (3
rats): the control group was maintained under fasting
conditions without ingestion. Group 2 (18 rats): 1 g of CC
was administered, dispersed in 1.5 ml of water. Group 3
(18 rats): 50 mg of PE was administered in 2 ml of water.
Group 4 (18 rats): 1 g of PECC was administered in 1.5 ml.
The rats were anesthetized with isoflurane (IsoFlo, Vete-
rinaria Esteve, Bologna, Italy) and killed by exsanguin-
ations at 0 h (control group) and at 1, 1.5, 2, 3, 4 and 18 h
(3 rats/group/time) after administrating the cream (CC or
PECC) or the extract (PE).

The plasma samples were obtained by centrifugation
(2,000x g for 30 min at 4 °C) and then stored at —80 °C
until the chromatographic analysis of the procyanidins and
their metabolites. A range of tissues (thymus, heart, liver,
testicle, lung, kidney, spleen and brain) were excised from
the rats, stored at —80 °C and freeze-dried for phenolic
extraction and chromatographic analysis.

Phenolic extraction of plasma and tissues
and chromatographic analysis

The method used to extract procyanidins and their metab-
olites from plasma and tissues and the chromatographic
analysis were based on the methodologies described in our
previous papers [14, 15].

Statistical analyses

The data were analyzed by one-way analysis of variance
(ANOVA) to assess the significant differences among the
CC, PE and PECC groups. All statistical analysis was
carried out using Statgraphics Plus 5.1. p values <0.05
were considered statistically significant.

Results
Procyanidin content in extract and creams

Table 1 shows the phenolic contents of PE, CC and PECC
expressed as total nmol of each compound contained in the
dose of PE (50 mg) or CC and PECC (1 g) ingested in each
treatment. As regards the monomeric forms of procyani-
dins, catechin was the main monomer in PE (313 nmol/
50 mg), and epicatechin was the main monomer found in
the CC (506 nmol/g). Concerning the low level of poly-
merization of proanthocyanidins (dimers—tetramers), dimer
was the main compound in PE (776 nmol/50 mg PE) and
CC (896 nmol/g); additionally, trimer and tetramer were
also determined. As expected, 1 g of PECC contained
approximately the amount of procyanidins (flavanols and
low molecular weight procyanidins) included in 1 g of
CC + 50 mg of PE. This was also observed with the
concentrations of dimer, trimer and tetramer.

Procyanidin plasma kinetics

After the CC intake, the main metabolite quantified in
plasma was epicatechin—glucuronide (Fig. 1a) reaching the
Ciax on 423 pM, followed by methyl epicatechin—glucu-
ronide. The glucuronide and methyl glucuronide conju-
gates of catechin were also detected in the plasma samples
after an acute intake of the CC at a lower concentration. In
contrast, methyl catechin—glucuronide was the main
metabolite after the acute intake of the PE with Cp . on
301 uM, followed by the catechin—glucuronide (Fig. 1b).
Dimer was detected with C, . 21, 0.84 nM after the ingestion
of the CC, and trimer was also detected with Cpax 1n
0.64 uM after the ingestion of the PE (data not shown).
Epicatechin—glucuronide was the main metabolite
determined in plasma after the PECC intake, followed at
similar concentrations by catechin—glucuronide, methyl
catechin—glucuronide and methyl epicatechin—glucuronide
(Fig. 1c). Other metabolites were determined at lower
concentrations. These included methyl-sulfated conjugates
of catechin and epicatechin (Table 2), which were deter-
mined in plasma from 1.5 to 3 h after the ingestion of the
PECC and reached concentrations of Cp.x 3n 4.5 and
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14 pM, respectively. Dimer and trimer in their free forms
were also determined in the plasma from 1 to 2 h with C\ .« 11
1.4 uM and Cyax 2n 0.76 uM, respectively. In all three
experiments, the procyanidin metabolites were rapidly
cleared from the plasma and were back to the baseline 18 h
after ingestion.

To evaluate the effect of the procyanidin enrichment on
the procyanidin plasma kinetics, Fig. 2 shows the plasma
kinetic (0-18 h) of the total catechin and epicatechin-
conjugated metabolites separately, and the plasma kinetic
of the total monomeric metabolites (corresponding to the
sum of catechin and epicatechin-conjugated metabolites)

@ Springer

1,5 2 25 3 35

Time (hours)

== Epicatechin glucuronide
=@— Methyl epicatechin glucuronide

for each intake (CC, PE and PECC). In general, catechin,
epicatechin and, subsequently, the total of monomeric
metabolites, were higher after the ingestion of PECC,
highlighting the clear pharmacokinetic curve of total
monomeric metabolites that reached a peak of concentra-
tion 2 h after the PECC intake. As was expected following
the procyanidin concentration in CC, PE and PECC
(Table 1), the total quantity of epicatechin metabolites was
higher in the plasma from CC and PECC, and the level of
catechin metabolites was higher in the plasma from PE and
PECC, although epicatechin metabolite level was higher
than that of the catechin metabolites after PECC intake.
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Table 2 Concentration of minor procyanidin metabolites detected in rat plasma collected between O and 18 h after the ingestion of enriched

cocoa cream (PECC)

Compound (uM) Time

Oh 1h 1.5h 2h 3h 4h 6h 18 h
Methyl catechin—sulfate Nd Nd 241 £0.13 4.01 £0.32 4.50 £ 044 Nq Nd Nd
Methyl epicatechin—sulfate Nd Nd 9.70 £ 0.96 122 £ 1.1 14.1 £ 1.0 Nq Nd Nd
Dimer Nd 1.40 £ 0.01 1.21 £0.13 0.80 £ 0.76 Nd Nd Nd Nd
Trimer Nd 0.50 £+ 0.03 Nq 0.76 £ 0.03 Nd Nd Nd Nd

The results are expressed as tM
Values are mean + SD (n = 3)
Nd not detected, Ng not quantified

OTotal catechin metabolites
B Total epicatechin metabolites
B Total monomeric metabolites

Plasmatic
Concentration (uM)

ARRNRRNNRNN
RANARARA R RRAR AN

Fig. 2 Total catechin and epicatechin metabolites, and total mono-
meric metabolites (sum of catechin and epicatechin metabolites)
quantified in rat plasma collected between O and 18 h after the

Distribution of procyanidin in tissues

Regarding the tissues that collaborate in the phase-II
metabolism, the analysis of the liver showed an increase in
the concentration of different compounds compared with
the basal conditions (0 h) (Fig. 3). This accumulation
corresponded mainly to phenolic acids, independently of
the intake (CC, PE or PECC). Only methyl catechin—glu-
curonide was determined in the liver as a phase-II procy-
anidin metabolite, and it was only detected after the
ingestion of PE and PECC, showing the same C, of
8 nmol/g tissue in both intakes. However, the behavior of
the phenolic acids in the liver varied with the product
ingested, with a clear peak of p-hydroxybenzoic acid 2 h
after the PE intake.

Several procyanidin metabolites were determined in the
kidney (Fig. 3). There was a clear increase in epicatechin—
glucuronide 1 h after the CC intake. Additionally, methyl
epicatechin—glucuronide was only determined in the kidney
2 and 3 h after the CC intake, with 5.1 and 2.23 nmol/g,
respectively. Methyl catechin—sulfate was also determined

AADDDDNDNDDDDNNNNNN

AOOOOOOOOONONNNN

ingestion of cocoa cream (CC), procyanidin-rich hazelnut skin extract
(PE) and procyanidin-enriched cocoa cream (PECC). The results are
expressed as pM

after the ingestion of CC with Cp,,x 3p1.15 nmol/g of tissue
(data not shown). Generally, the pharmacokinetic curves
obtained after the CC intake showed a slight tendency to
form two peaks, the first at 1-2 h, and the second after 3 h.
The intake of PE promoted the deposition of catechin—
glucuronide and methyl catechin—glucuronide, showing
single clear peaks of concentration in the kidney (Cpax 2n
2.62 and 1.03 nmol/g, respectively). Finally, the combi-
nation of PE and CC (PECC) resulted in several procy-
anidin phase-II metabolites (catechin—glucuronide,
epicatechin—glucuronide, methyl catechin—glucuronide and
methyl epicatechin—glucuronide) determined in the kidney,
all of which showed two peaks of concentration, the first at
1.5 h and the second, 3 h after the PECC intake. The same
behavior was detected with the ferulic sulfate acid.
Although this phenolic acid was determined in the kidney
independently of the ingested product, its concentration
increased more after the PECC intake (Fig. 3).

Other peripheral tissues were analyzed to determine
the distribution of procyanidin metabolites through the
body. The heart was selected to determine procyanidin
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Fig. 3 Increase in the concentration of procyanidin metabolites and
phenolic acids in the liver and kidney between O and 18 h after the

ing

estion of cocoa cream (CC), procyanidin-rich hazelnut skin extract

disposition in cardiovascular tissue. In that case, no phase-
II procyanidin metabolites were found (Fig. 4), but three
phenolic acids were determined after the ingestion of CC
and PECC. Phenylacetic acid was the main phenolic acid in
the heart, with no significant differences between the
concentrations detected after the ingestion of CC and the
PECC. 5-Dihydroxyphenylvalerolactone reached similar
concentrations after the PECC and CC intakes. However,
the f,.x was different, being delayed until 2 h after the
PECC intake compared with 1 h after the CC intake.

By contrast, all the main procyanidin metabolites detec-

ted in the plasma were determined in the lung after the
ingestion of the PECC, with a higher concentration of epi-
catechin metabolites in their glucuronide and methyl
glucuronide forms (Fig. 4). In contrast, no phase-II metab-
olites were detected after the ingestion of CC and only
methyl catechin—glucuronide was determined in the lung
(Cmax 2n 20 nmol/g of tissue) after the ingestion of the PE.

In the case of the testicles, procyanidin metabolites were

found after the PE intake (Fig. 4). Two phase-II procy-
anidin metabolites were determined in this tissue after the
PE and PECC intakes, with a more defined pharmacoki-
netic curve after the PE intake, drawing a slight peak of
concentration 1.5 h after the PE intake. Additionally, three
phenolic acids were determined in the tissues after the PE
and PECC, including p-hydroxybenzoic acid, vanillic acid,
5-dihydroxyphenylvalerolactone.

There was no clear pattern to the accumulation of

procyanidin metabolites or phenolic acids in the other

studied tissues.

2

Nonetheless, some metabolites were
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determined at specific times (0-3 h). Methyl catechin—sul-
fate was the only phase-II metabolite detected in the brain
from the PE in the interval from 1 to 4 h, with an average
concentration of 5.5-6.4 nmol/g of tissue. Similarly,
3-hydroxyphenylpropionic acid was determined at all the
times, including the basal conditions (26 nmol/g of tissue),
and a significant increase in its concentration was observed
after the ingestion of the PE and PECC (Cpg max 1.5n
45 nmol/g of tissue vs. Cpgcc max 1n 33 nmol/g of tissue).

As a primary lymphoid organ, the thymus was analyzed
and compared with the basal conditions; increases were
only seen in the concentrations of some phenolic acids.
These included p-hydroxybenzoic acid, which was deter-
mined at all the times tested, including the basal conditions
(Con 54 nmol/g) and whose concentration increased from 3
to a Crax 18n 102 nmol/g after the ingestion of the PECC.
This increase was not observed after the intake of PE and
CC. An increase in the concentration of 5-dihydrox-
yphenylvalerolactone was observed in the thymus 1.5 h
after the intake of PECC (24 nmol/g). This concentration
remaining constant until 18 h after the PECC intake.
Finally, ferulic sulfate acid was determined in the thymus
after the intake of CC and PECC, its concentration
remaining almost constant (near 17 nmol/g) at all the test
times. The spleen was analyzed as a secondary lymphoid
organ. Nevertheless, a slight increase was only observed in
the concentration of vanillic acid compared with the basal
conditions (Cyasa 17 nmol/g), this being significant after
the ingestion of CC and PECC, with C,,,x 4n 27 nmol/g and
Cinax 1n 24 nmol/g, respectively.
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Fig. 4 Increase in the concentration of procyanidin metabolites and
phenolic acids (0-18 h) in the lung after the ingestion of PE and
PECC; in the heart after the ingestion of CC and PECC; and in the

Discussion

The present study aimed to evaluate the differences in the
bioavailability, metabolism and tissue distribution of
procyanidins comparing a CC and a procyanidin-enriched
CC, as examples of acute supplementation of procyanidins,
also including the separate ingestion of the procyanidin
extract. Clear differences in the procyanidin plasmatic
metabolites were detected between intakes. After the
ingestion of PECC, the plasmatic metabolites determined
resulted from the combination of PE and CC, detecting a
dose-dependent metabolism. Additionally, the fact that
methyl-sulfated conjugates of procyanidins were only
determined in the plasma after the ingestion of PECC
reaffirms that procyanidins were metabolized in a dose-
dependent way [10]. Some differences in the metabolite
bioavailability were detected with the higher procyanidin
intake (PECC). With that product, low-grade polymeriza-
tion procyanidins (dimer and trimer) were found in the
plasma for longer post-prandial times and at higher con-
centrations, similar to those observed by other authors [16—
20]. In contrast, free forms of catechin and epicatechin
were not detected in the plasma samples, possibly due to

testicles after the ingestion of PE and PECC. The results are expressed
as nmol/g of tissue. Discontinuous lines refer to the right Y axis

the use of a dietary dose, because when food polyphenols
were administered at a pharmacological dose, their free
forms could be found in the blood [10, 16, 21].

Figure 5 displays the increase in the total concentration
of metabolites (nmol/g), including all the detected phase-
II procyanidin metabolites and phenolic acids, for each
tissue after a single intake of CC, PE and PECC. A two-
peak disposition of phenolic metabolites was detected in
practically all the tissues analyzed. The highest accumu-
lation in the liver was observed after the PE intake. On
the other hand, the major metabolite accumulation in the
kidney was observed after a single dose of CC, followed
by the PECC intake. These differences may be due to the
vehicle used to deliver the procyanidins, which enhanced
their metabolism and elimination. That fact may refine the
hypothesis of Shoji et al. [10], who proposed a relation
between the sites of the metabolism according to the
phenolic concentration administered, adding relevant
importance to the food matrix by which the polyphenols
are administered. With procyanidin-rich simple food
matrices (e.g. PE), liver had more importance in the
metabolization process showing a higher metabolite con-
centration than kidney, while the higher number of

@ Springer
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Fig. 5 Kinetic of tissue metabolites expressed as the increase in the concentration (nmol/g) in relation to the basal conditions (0 h) after a single
ingestion of cocoa cream (CC), rich procyanidin hazelnut skin extract (PE) and procyanidin-enriched cocoa cream (PECC)

metabolites detected in kidney may be related with the
intake of a procyanidin-rich complex food matrix (e.g. CC
and PECC). The presence of several procyanidin metab-
olites in the kidney also reaffirms the urinary path as the
main procyanidin excretion pathway [16] and, related to

@ Springer

excretion, glucuronidated and methylated forms of epi-
catechin and catechin were the main procyanidin conju-
gates determined in the kidney [19, 22, 23] and the main
phase-II metabolites. In contrast, sulpho-conjugates of
procyanidins were not found in the kidney.
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The procyanidin metabolite detected in the brain and
testicles showed two peaks of disposition, with a higher
concentration after the PECC intake in both tissues, spe-
cifically with methyl catechin—sulfate. However, in a recent
study [16], this procyanidin metabolite was not detected
after the intake of a high dose of PE (5 g per kg of rat body
weight). Thus, a clear food matrix effect was observed in
the disposition of procyanidin metabolites in the brain. The
intake of a high procyanidin dose that included in a com-
plex food matrix (PECC) could facilitate the disposition of
procyanidin metabolites in the brain (Fig. 5). The ability of
procyanidin metabolites to cross the blood-brain barrier
was first observed by Abd El Mohsen et al. [24] after oral
ingestion of epicatechin by rats (100 mg/kg body weight),
but the levels found were too low for accurate determina-
tion. Similarly, in a recent study by Urpi-Sarda et al. [25],
catechin and epicatechin metabolites were found in the
brain after 3 weeks of a cocoa diet. Thus, the ability of
procyanidin metabolites to cross the blood-brain barrier
and target the brain could be affected by the dose and the
composition of the food matrix that accompanies the
procyanidins in the process of digestion, absorption,
metabolism and distribution in the body.

Although no clear kinetics were observed for some
individual metabolites in some tissues (Figs. 3, 4), the sum
of these showed a clear accumulation of phenolic metab-
olites (Fig. 5), especially in the range between 1 and 4 h.
Based on the results of the study, enriched or rich foods
could be proposed as a practical solution to increase the
intake of procyanidins with tiny modifications of the diet.
This would enhance their described beneficial effects. The
presence of phase-1I metabolites and fermentation products
in such tissues as the brain or heart may be related to the
potential health benefits of procyanidins, especially in the
context of cardiovascular health [9, 16, 26-28] or a neu-
roprotective effect [29, 30]. Nonetheless, although the
beneficial effect of pure procyanidins may be close to that
exerted by a flavonol-rich food [9], the matrix effect should
not be forgotten given its ability to modulate the plasmatic
bioavailability and disposition in the tissues.

The bioactive action of polyphenol in the body is probably
regulated in a dose-dependent way [31-35]. Thus, supple-
menting phenolic compounds through fortified and enriched
food may represent a rich source of polyphenols and increase
or expedite the action of these minor dietary compounds in
the body. Thus, this study may represent a relevant step
toward understanding the importance of the matrix effect and
the dose for formulating a phenol-enriched food as a func-
tional food. The results obtained have demonstrated that the
formulation of a procyanidin-enriched or fortified product is
an option to increase bioavailability. Nevertheless, although
a clear effect of the procyanidin metabolites on the plasma
pharmacokinetic following the oral administration of a rich

procyanidin extract or an enriched CC was observed, veri-
fying the possible long-term accumulation and bioactive
character of these procyanidin metabolites in the tissues
would require a long-term study.
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